Photosynthetically active bundle sheath strands capable of assimilating up to 8 micromoles C02 per milligram chlorophyll per hour have been isolated from fully expanded leaves of Zea mays L. Mesophyll cell contamination of the preparations was negligible, as evidenced by light and electron microscopy and by a high ratio of chlorophyll a to chlorophyll b in the strands. Ribose 5-phosphate markedly stimulated the rate of photosynthetic "4CO2 fixation by the isolated strands. In contrast, both pyruvate and phosphoenolpyruvate had a comparatively small stimulatory effect on bundle sheath '4CO2 fixation. plants which distinguishes them from C3 species is the presence of two major chloroplast-containing leaf cell types: the bundle sheath cells which tightly surround the vascular tissue, and the mesophyll cells which in turn surround the bundle sheath layer (24) .
plants which distinguishes them from C3 species is the presence of two major chloroplast-containing leaf cell types: the bundle sheath cells which tightly surround the vascular tissue, and the mesophyll cells which in turn surround the bundle sheath layer (24) .
It has been suggested that in the C, panicoid grasses such as maize, sugarcane, and crabgrass, atmospheric CO2 is initially fixed by PEP carboxylase in the mesophyll, with the resulting oxaloacetate being predominantly reduced to malate by an NADP+-specific malate dehydrogenase. The malate is transported to the bundle sheath chloroplasts and decarboxylated to pyruvate and CO, by "malic" enzyme. The CO2 is refixed by RuDP carboxylase and further metabolized through the Calvin cycle (4, 7, 8, 16, 21, 32) . In marked contrast to this compartmentation scheme is that recently proposed by Coombs and co-workers (6, 9, 14, 15) and supported by Laetsch and Kortschak (25) . These authors propose an identical reaction sequence for C, photosynthesis, but suggest that all the enzymes for photosynthetic carbon metabolism are compartmented between the mesophyll cytoplasm or nongreen leaf cells and the mesophyll chloroplasts, relegating the bundle sheath to a mere amyloplast-like function. A third scheme of C4 photosynthesis, suggesting that photosynthetic carbon metabolism is similar in both cell types, has also been proposed (29) 
The purpose of our studies has been to re-examine the role of bundle sheath cells in C4 photosynthesis by using a highly purified preparation of bundle sheath strands isolated from fully expanded leaves of maize. We have previously reported on the effects of oxygen on maize bundle sheath photosynthesis (12, 13) . A more complete description of the photosynthetic carbon metabolism of these bundle sheath strand preparations is the subject of this report.
MATERIALS AND METHODS Plant Materials. Zea mays L., var. W23/L317, seeds were germinated and grown in a soil-sand-peat moss mixture in a growth chamber with a 12-hr day at 25 C and a 12-hr night at 20 C. Light of about 2000 ft-c at the leaf surface was provided by incandescent and cool white fluorescent lamps. Only fully expanded primary and secondary leaves from 11-to 14-day-old seedlings were used. For 5 Mention of a trademark name or a proprietary product does not constitute a guarantee or warranty of the product by the United States Department of Agriculture, and does not imply its approval to the exclusion of other products that may also be suitable. 1 mM MnCl2, 1 mM K2HPO4, and 5 mm dithiothreitol, and stored in ice. All assays were performed within 90 min after isolation.
Mesophyll chloroplasts were prepared by initially blending the leaf material for 5 sec at half speed in 50 ml of solution I. The resulting brei was filtered through two layers of Miracloth (Calbiochem), centrifuged at 2000g for 1 min, and the pellet was resuspended in 1 ml of solution II.
Microscopy. A Microstar Series 10 phase contrast microscope (American Optical Co.) equipped with a 35-mm camera was used to routinely monitor and photograph the isolated bundle sheath strand preparations.
For electron microscopy, the bundle sheath strands were fixed in buffered glutaraldehyde containing 0.33 M d-sorbitol, thoroughly washed in buffered sorbitol, and postfixed in osmium tetroxide. The specimens were dehydrated, embedded in Epon 812, sectioned, stained with 2% (w/v) aqueous uranyl acetate and basic lead citrate, and examined in an RCA EMU-4 electron microscope. Assays. Chlorophyll was determined by thorough extraction into aqueous 80% (v/v) acetone. Following centrifugation, the concentration of total chlorophyll and the chlorophyll a-chlorophyll b ratio in the acetone extracts were determined as previously described (10) .
Isolated bundle sheath strands and leaves of maize and soybean were homogenized and assayed for NADP+-malate dehydrogenase, "malic" enzyme (L-malate: NADP+ oxidoreductase [decarboxylating] ) (EC 1 .1 .1. 40), and NAD+-hydroxypyruvate reductase (EC 1. 1. 1. 29) activity as described elsewhere (11) . P-glycolate phosphatase (EC 3.1.3.18) activity was assayed by the release of Pi from P-glycolate. Reaction vessels contained 40 mm sodium cacodylate (pH 6.3), 1 mm MgC12, 5 mM P-glycolate, and uncentrifuged extract in a total volume of 1.0 ml (30) . The reactions were run for 10 min at 30 C, stopped with 10% (w/v) trichloroacetic acid, the precipitate removed by centrifugation, and the supernatant assayed for Pi (31) .
Photosynthetic CO2 fixation by the isolated strands was determined by "4CO2 incorporation at 24 C and 2000 ft-c under an atmosphere of 2% oxygen. Unless noted otherwise, the reaction vessels contained bundle sheath strands (6-9 ,tg of chl), solution II, and 5 mm NaH`4CO3 (1) (2) (3) (4) ,uc/,umole) in a final volume of 1.0 ml. Vessels containing strands were preilluminated and gassed with vigorous shaking for 5 min and sealed. The reactions were initiated by injecting NaH"4CO3 and terminated after 5 min by injecting 0.1 ml of 6 N acetic acid. Contents of the reaction vessels were centrifuged, aliquots of the supernatant removed and dried at 90 C, and dpm determined by scintillation spectroscopy. For the determination of photosynthetic products, contents of the reaction vessels were pooled, centrifuged, and the pelleted strands washed twice by centrifugation with water. The combined supernatant was placed on 1 X 13 cm columns of Dowex-1-X8-acetate (200-400 mesh). Nonacidic compounds were eluted with 50 ml of water, and aliquots were dried and counted. Acidic compounds, including organic acids and sugar phosphates, were then eluted with 60 ml of 3 N HCl (5), concentrated, and separated by one-dimensional descending paper chromatography in liquefied phenol (about 90%)-water-acetic acid-I M EDTA (840:160:10:1 by volume) as described elsewhere (11) . The radioactive areas were located with a radiochromatogram scanner, eluted from the paper, and dpm determined by scintillation spectroscopy. The identity of labeled compounds was determined by cochromatography and coincidence with authentic nonlabeled compounds as previously described (11) . In all experiments the washed bundle sheath strand pellets contained less than 2% of the total 14C incorporated.
RESULTS
The bundle sheath strands isolated by the maceration-filtration technique outlined in Figure 1 characteristically showed a lack of contamination by either intact mesophyll cells or loose chloroplasts, as determined by light and electron microscopy (Fig. 2) . The plastids in the isolated strands were relatively agranal, as is typical of mature maize bundle sheath chloroplasts (10, 33) , and contained numerous starch grains. The stroma and inner membranes of these plastids appeared to be structurally intact, whereas regions of the chloroplast envelope were sometimes distorted or ruptured. A typical yield of isolated strands was about 2% on a total leaf chlorophyll basis.
In addition to the microscopic observations, the high ratio of chlorophyll a to chlorophyll b in the bundle sheath strands compared to that in whole maize leaves and isolated mesophyll chloroplasts (Table I) was also indicative of a high degree of purity (33) . From the chlorophyll a to chlorophyll b ratios of the various maize leaf fractions, it was calculated that approximately 40% of the total leaf chlorophyll was present in the bundle sheath cell layer (Table I ).
Typical maximal rates of photosynthetic "4CO2 fixation by the isolated bundle sheath strands were 6 to 8 ,moles/mg chl hr. There was no lag in the fixation of "4CO2 following the 5-min preillumination period, and the reaction was linear for at least 10 min (data not shown). The concentration of "4C-bicarbonate giving maximal rates of "4CO2 fixation was about 30 mm (Fig. 3) . The '4C-bicarbonate concentration for 50% maximal velocity (apparent Km) was approximately 10 mM under 2% oxygen.
Pyruvate and PEP stimulated the rate of light-dependent 4CO2 fixation by the isolated strands by less than 3-fold, whereas 2 mm ribose-5-P increased the endogenous rate by an order of magnitude (Table II) . Following 5 min of photosynthesis under 2% oxygen in the absence of exogenous substrates, approximately 95% of the radiocarbon was found in compounds other than the C,-dicarboxylic acids, malate and aspartate, most notably in 3-PGA and sugar phosphates (Table  III) . A similar distribution of "4C was observed when 2 mM ribose-5-P was added to the reaction mixtures. In the presence of exogenous PEP, the amount of label in the C,-acids increased, due mainly to increased malate synthesis (Table III) .
On a chlorophyll basis the specific activities of P-glycolate phosph,tase and "malic" enzyme in bundle sheath extracts were 2.5-and 3.1-fold higher, respectively, than the activities of these enzymes in maize whole leaf extracts (Table IV) . In contrast, the specific activity of NADP+-malate dehydrogenase in bundle sheath extracts was extremely low (Table IV) . We have previously shown that maize bundle sheath strands are nearly devoid of PEP carboxylase activity and enriched in RuDP carboxylase activity when compared to the whole leaf (12) . Bundle sheath extracts also showed substantial NAD+-hydroxypyruvate reductase activity, although the specific activity was less than double that in maize whole leaf extracts (Table IV) .
DISCUSSION
The rates of endogenous photosynthetic CO2 fixation by isolated maize bundle sheath strands are considerably lower than those reported for leaf cells isolated from tobacco (23) . This may be due, in part, to the comparatively harsh maceration procedure (Fig. 1) required to isolate the strands free from whole mesophyll cell contamination. Some indication of deleterious isolation effects is suggested by the lack of complete structural integrity of the bundle sheath chloroplast envelope (Fig. 2B) . In addition, the extremely high Kin of the strands for bicarbonate (Fig. 3 ) may also suggest a deleterious effect of the isolation procedure. The observed Km is at least 10 times that reported for isolated chloroplasts (22, 28) and C3 leaf cells (23) , and almost identical to that reported for partially purified maize RuDP carboxylase (3). Other possible explanations for the relatively low rates of endogenous photosynthetic CO2 fixation by maize bundle sheath strands may be a reduced capacity of mature agranal bundle sheath chloroplasts to generate NADPH through noncyclic electron flow from water (1, 2, 27) or a leaching of carbon cycle intermediates.
The increased specific activities of "malic" enzyme. P-glycolate phosphatase, NAD+-hydroxypyruvate reductase (Table IV) , and RuDP carboxylase (12) 5-min bundle sheath photosynthesis are 3-PGA, sugar phosphates, and glycerate (Table III) , (b) the addition of ribose-5-P, a Calvin cycle intermediate, greatly stimulates photosynthetic CO2 uptake (Table II) , and (c) the Warburg effect, a phenomenon of Calvin cycle photosynthesis, occurs in maize bundle sheath photosynthesis (12, 13) . These observations provide conclusive evidence that schemes of maize photosynthesis suggesting a lack of photosynthetic CO2 fixation in the bundle sheath (9, 25) are not tenable. The bundle sheath cells of other C4 species likely are similarly active, since Calvin cycle enzymes or photosynthetic CO2 fixation or both have been found in all cases where either intact bundle sheath cells (16, 18, 19. 26, 27) or nonaqueous bundle sheath chloroplasts (32) have been isolated and examined. A functional Calvin cycle has also been reported in an unspecified chloroplast-type isolated from young, unexpanded leaves of maize (28) .
Approximately 40% of the total leaf chlorophyll in the maize plants used in the present experiments is located in the bundle sheath cells (Table I) . Thus if a particular enzyme were exclusively localized in the bundle sheath, the specific activity of that enzyme (on a chlorophyll basis) in bundle sheath extracts would be approximately 2.5-fold greater than the enzyme activity in extracts of the whole leaf. The specific activities of ' malic" enzyme, P-glycolate phosphatase (Table IV) and RuDP carboxylase (12) in bundle sheath extracts are 2.3-to 3.1-fold greater than the specific activities of these enzymes in maize whole leaf extracts. Conversely, the specific activities of NADP+-malate dehydrogenase (Table IV) and PEP carboxylase (12) in bundle sheath extracts are only 2% of the total leaf activities. The distribution of these five enzymes fully supports the scheme of C. photosynthesis advanced by Hatch and coworkers (4, 32) and by others (7, 8, 16, 18, 19, 21, 27) . While the data reported here and elsewhere (12, 13) cannot exclude the possibility that some Calvin cycle activity occurs in the mesophyll, it clearly indicates that the enzymes of maize photosynthesis are not evenly distributed between cell types. Of the enzymes assayed, "malic" enzyme and the enzymes involved in C3 photosynthesis are preferentially, if not exclusively, located in the bundle sheath, whereas the enzymes of the C, cycle are located outside the bundle sheath, presumably in the mesophyll. Alternative schemes of C4 photosynthesis are primarily based on differential enzyme extraction, but the results obtained with this technique are highly variable (7, 9, 21, 29) . 
